EXPERT |
| REVIEWS

Louise von Stechow,
Chiara Francavilla and
Jesper V Olsen*

Proteomics Program, The Novo Nordisk

Foundation Center for Protein Research,

Faculty of Health and Medical Sciences,
University of Copenhagen, Blegdamsvej
3B, DK-2200 Copenhagen, Denmark
*Author for correspondence:
Jjesper.olsen@cpr.ku.dk

Recent findings and
technological advances in
phosphoproteomics for cells
and tissues

Expert Rev. Proteomics 12(5), 469-487 (2015)

Site-specific phosphorylation is a fast and reversible covalent post-translational modification
that is tightly regulated in cells. The cellular machinery of enzymes that write, erase and read
these modifications (kinases, phosphatases and phospho-binding proteins) is frequently
deregulated in different diseases, including cancer. Large-scale studies of phosphoproteins —
termed phosphoproteomics — strongly rely on the use of high-performance mass
spectrometric instrumentation. This powerful technology has been applied to study a great
number of phosphorylation-based phenotypes. Nevertheless, many technical and biological
challenges have to be overcome to identify biologically relevant phosphorylation sites in cells
and tissues. This review describes different technological strategies to identify and quantify
phosphorylation sites with high accuracy, without significant loss of analysis speed and
reproducibility in tissues and cells. Moreover, computational tools for analysis, integration and

biological interpretation of phosphorylation events are discussed.
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 quantitative phosphoproteomics

Current status & future challenges in the
phosphoproteomics field

Site-specific  protein phosphorylation is a
fast and reversible posttranslational modifica-
ton (PTM). PTMs constitute the major
currency of cellular signaling events and are
crucial regulators of virtually all cellular
processes. Deregulation of phosphorylation-
mediated
associated with different diseases including can-

cer (1. Among the major constituents of the

cellular ~ signaling  pathways s

phosphorylation machinery, which include kin-
ases, phosphatases and phospho-binding pro-
teins, there are a number of prominent
oncogenes (FIGURE 1).

Identifying and quantifying the enormous
amount of phosphorylation events, which
occur both under physiological and pathologi-
cal conditons, requires high-throughput tech-
niques. The advance of mass spectrometry
(MS) technology has brought with it the possi-
bility to carry out large-scale studies of pro-
teins and their PTMs [1].

However, biologically relevant phosphopro-
teins are often of low abundance and
phosphorylation events are commonly of low
stoichiometry. Consequently, phosphoproteome
analysis by MS is challenged with identifying
phosphopeptides among the ‘background noise’
of nonphosphorylated peptides. Moreover,
chemical properties of phosphopeptides make
them prone to get lost during sample prepara-
tion and chromatography and result in neutral
losses in Collision Induced Dissociation (CID)
fragmentation methods [2]. Finally, the precise
localization of phosphorylated amino acids in
peptides is in itself a difficult task [3-s).

Many of these challenges have been
tackled by refining laboratory protocols and
advancing instrumentation. Phosphoproteomics
has become common practice in many labora-
tories, allowing analyses of vast numbers of
phosphosites on a daily basis. The field is now
facing the task of taking the next step and mov-
ing into the analysis of tissue samples, promis-
ing the in vivo portrayal of phosphorylation-
mediated phenotypes, as well as identification
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Figure 1. The phosphorylation machinery & how it can be analyzed with
MS-based techniques. (A) The phosphorylation machinery is comprised of
modification-conferring enzyme, kinases (writer), modification-removing enzymes,
phosphatases (eraser) and modification interacting factors, phospho-binding domain
containing proteins (readers). Those can be exploited for (MS-based) phosphoproteomics
studies on multiple levels. (B) Different workflows are common for phosphoproteomics
analyses. Few are studying phosphorylation on whole proteins (top-down APPROACH).
Other studies use phosphoprotein pull-down (e.g., for phosphotyrosine enrichment),
followed by enzymatic digestion. Most commonly, enzymatic digestion precedes
phospho-enrichment by multiple different strategies. Those strategies are followed by
LC-MS/MS analyses.

LC: Liquid-chromatography.

of novel biomarkers and therapeutic tar-
gets. The clinical application of phospho-
proteomics demands the method to
become faster and more user-friendly,
without the loss of robustness or repro-
ducibility. For both cell line-based and
tissue-specific phosphoproteomics, a dis-
tinct challenge lies in distinguishing regu-
latory phosphorylation sites, which are
biologically meaningful, from stochasti-
cally occurring phosphorylation events
that are part of biological noise.

This review describes different techno-
logical strategies to identify phosphoryla-
tion sites with high accuracy, without
significant loss of analysis speed and
reproducibility in tissues and cells. More-
over, computational tools for analysis,
integration and interpretation of phos-
phorylation events are discussed here.

Tandem mass spectrometry of
phosphopeptides

For efficient phosphopeptide sequencing
and site localization, different ion frag-
mentation methods are used, which rely
on different physical principles. In ion trap
CID, peptides are fragmented by collisions
with helium gas, a low-energy resonance
excitation process favoring loss of the most
labile bonds in proteins. Conversely, in
(ETD),
anions transfer electrons to the peptides,
cause release of a hydrogen radical [6] and
nonergodic fragmentation without prior
internal redistribution of energy. Here,
cleavage of the backbone N-Cybond is the
predominant fragmentation
beam-type CID or Higher Energy Colli-
sion Dissociation (HCD) on orbitrap-type
instruments, higher energy levels are being
deposited into the precursor peptides that

electron transfer dissociation

event. In

are fragmented by collisions with nitrogen
gas molecules (7).

Especially for ion-trap CID, loss of
labile  modifications is  commonly
observed. Phosphorylation is lost from
serine and threonine residues (constitut-
ing the main pool of phosphorylated
amino acid residues) as a so-called neutral
loss of phosphoric acid (H3POy), corre-
sponding to a net mass loss of 98 Da.
The dominant neutral losses in ion trap

CID type of fragmentation, at the
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expense of peptide backbone fragmentation, can interfere with
proper sequence assignment. This effect is largely overcome in
HCD-based fragmentation. Here, phosphopeptides show less
dominant neutral loss for y ion series, due to consecutive
fragmentation [73].

Notwithstanding the development of fragmentation methods
that exploit neutral losses in MS® scanning or multistage activa-
tion [9], the main trend in the field is to use HCD on orbitrap-
type instruments. Despite this tendency, different studies state
better performance of low-resolution CID when compared with
high-resolution HCD for phosphoproteomics analyses [10].

Neutral losses are less prevalent for ETD-based fragmentation.
A main shortcoming of this method, however, lies in lower frag-
mentation efficiency — especially for doubly charged peptides —
and subsequent decrease in sensitivity and enhanced analysis
times [9]. Marx ¢¢ al. compared the performance of HCD and
ETD with an orbitrap readout on a library of synthetic (phos-
pho)peptides. Surprisingly, they did not find better performance
of ETD in terms of (phospho)peptide identification at higher
charge states, as had been suggested previously [11,12]. Neverthe-
less, they found the techniques to be orthogonal in peptide iden-
tification and ETD to perform better for phosphorylation site
localization compared with HCD [12).

Combination of different fragmentation methods is prone to
yield higher coverage and complementary data. Decision-tree-
based combination of ion trap CID and ETD [1314] or ETD
and HCD in the same collisional step (coined EThcD) has
been shown to improve sequence coverage and phosphorylation
site localization for both top-down [15) and bottom-up
approaches [13,16], discussed under the following section.

The combination of different fragmentation techniques and
readout modes (as possible for the Fusion and Fusion Lumos
instruments from Thermo Scientific) could improve coverage
and sensitivity in future studies. For example, combination of
HCD or EThcD with readout of fragments in the iontrap should
have the benefit of combining the most efficient fragmentation
methods with the higher sensitivity of ion trap detection.

Ion mobility-based techniques, in which gas-phase ions are
separated according to their mobilities in an electrical field, can
serve as a complementary prefractionation technique for MS-
based phosphoproteomics. Preselection for multiply charged
ions can minimize interfering singly charged species and thus
increase dynamic range, signal-to-noise-ratio, sensitivity and
speed of MS-based analysis [17-19). In field asymmetric ion
mobility spectrometer (FAIMS) (or differential ion mobility),
ions are separated in collisional cross sections in an asymmetric
electric field. For phosphoproteomics, FAIMS can be useful to
distinguish isomeric phosphopeptides, as shown by Creese ez al.
who found enhanced performance of liquid-chromatography
(LC)-FAIMS-MS/MS over LC-MS/MS in the identification of
isomeric phosphopeptides from a phosphopeptide library [20].
Also for complex samples, a combination of FAIMS with deci-
sion-tree-based acquisition scheme was shown to yield 50%
higher identification rates of unique phosphopeptides [14]. Simi-
larly, application of traveling wave ion mobility spectrometry

could improve duty cycle and sensitivity on a TOF-MS ana-
lyzer, leading to improved phosphopeptide detection and
quantitation [19].

The powerful combination of ion mobility and tandem MS
has the potential to significantly increase phosphopeptide cover-
age and will likely become an integrated part of phosphopro-
teomics workflows in the coming years.

Sample preparation methods

Phosphopeptide digestion & lysis strategies

Due to the substoichiometric nature of phosphorylation sites,
phosphopeptides are commonly much lower in abundance than
their nonphosphorylated counterparts. This issue demands for
high amounts of starting material in phosphoproteomics experi-
ments, to retain enough material after specific phosphopeptide
enrichment techniques. Those usually leave only a small frac-
tion of the original sample [21-23]. In general, cell lysis protocols
used for phosphoproteomics are similar to those used in expres-
sion proteomics but include inhibitors of kinases and phospha-
tases, to block activity of those enzymes [1]. Recent studies
implicated lysis with boiling guanidine hydrochloride, as a valid
alternative for phosphoproteomics analyses.

Most (phospho)proteomics studies are performed in the so-
called bottom-up fashion, with only a few examples of applica-
tions of top-down phosphoproteomics strategies [1524]. Proteins
are digested prior to MS-based analysis, primarily relying on
tryptic digestion. This peptide-centric approach brings with it a
few pitfalls chat limit the discovery power of proteomics. The sto-
chastic nature of peptide sequencing by data-dependent acquisi-
tion (DDA) (DDA - the prevailing mode of data collection in
which a fixed number of precursor ions from a full MS scan are
selected using predetermined rules and subjected to MS/MS
analysis [25]) — innately hampers reproducibility of bottom-up
proteomics studies. This is especially true for analyses of
PTMs, whose substoichiometric quantities further decrease the
chance to consistently sequence the same modified peptides
between biological replicates. Bottom-up phosphoproteomics is
further limited by the relatively short amino acid sequence of
tryptic peptides (typically around 14 amino acids [26]). The short
peptide length prevents the study of connectivity of phosphoryla-
tion sites or of crosstalk between phosphorylation sites and other
PTMs, which occur within broader distances and hinders assign-
ment of phosphorylation sites to specific splice variants of
proteins.

Nevertheless, bottom-up strategies are still the commonly
used practice in (phospho)proteomics as sequence coverage,
and thereby site localization in top-down analyses is impaired
by insufficient fragmentation, especially of larger proteins, as
well as problems relating to chromatographic separation of
intact proteins [9.15]. A few recent studies report progress in
targeted and large-scale analyses of (phospho)proteins in a
top-down fashion [1524]. Tran ez al. used a four-dimensional
platform combining isoelectric focusing with gel-eluted liquid
fraction entrapment electrophoresis and LC-MS for the analysis
of around 1000 proteins, resulting in 3000 PTM-modified
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species including 645 phosphorylation sites [24]. The complexity
of this workflow, however, makes routine use of the technique
unlikely. Optimization strategies in terms of fragmentation are
also being implemented, as shown by Brunner ez /. who ana-
lyzed the phosphorylation of the cell cycle kinase-target protein
Bora, using different single or hybrid fragmentation meth-
ods [15). Such targeted top-down approaches mapping phos-
phorylation on selected proteins will likely become common
practice in the years to come.

Trypsin is a very specific protease that cleaves the peptide
bond after lysine and arginine [27] and yields peptides, which
are generally favorable in size for MS-based analysis [26]. Tryp-
tic peptides are suitable targets for CID/HCD fragmentation as
they are predominantly doubly charged and protonated in gas-
phase on both N-term and C-term. Trypsin is by far the most
popular protease used in all areas of bottom-up proteomics
including phosphoproteomics, despite the fact that some tryptic
peptides are too small or too large for MS-based analysis [28].
A number of studies suggest tryptic digestion to be optimal for
phosphoproteome analysis [2930. In a study from 2014,
Dickhut e al. indicated that the phosphorylated amino acid
itself can impair tryptic cleavage, with up to 10 fold decrease
in cleavage efficiency of phosphopeptides if compared with
unmodified peptides [29]. The authors showed more complete
cleavage of phosphorylated peptides using enhanced enzyme
concentrations. However, the cost of trypsin can be a relevant
factor to consider in large-scale analyses using high enzyme:pro-
tein ratios. The use of alternative peptidases such as chymotryp-
sin, Glu-C, AspN, LysC or substilin can complement tryptic
digests with orthogonal data of proteome regions, which are
inaccessible to trypsin [1228]. Nevertheless, the repressive effect
of nearby phosphorylation on cleavage efficiency also seems to
be present for other proteases than trypsin [31].

Despite the obvious advantages, which have made trypsin
the protease of choice in proteomics and phosphoproteomics
research, it is clear that for comprehensive analysis of the phos-
phoproteome, there is a need to use additional strategies that
can cover the ‘phosphorylation site space’ to which trypsin is
blind. Accordingly, the use of complementary proteases [31] and
top-down strategies [24] will expectedly become an integral part
of phosphoproteomics workflows in the years to come.

Phosphopeptide enrichment & fractionation strategies
Phosphoproteomics analyses classically involve an enrichment
step to eliminate the predominant pool of nonphosphorylated
peptides from digests of whole cell lysates. Different strategies
for phosphopeptide enrichment include antibody-based affinity
capture, chemical derivatization of the phospho-amino acid,
metal  ion-based  affinity and
chromatography [9.32].

Tyrosine phosphorylation is about 3000 fold lower in its

capture ion  exchange

cellular abundance compared with serine and threonine phos-
phorylation (3], and MS analysis is usually performed after
phosphotyrosine-specific antibody-based enrichment. While
previous studies have reported high amounts of starting

material (>10 mg) being necessary for specific phosphotyrosine
enrichment, a recent study by the Heck laboratory yielded over
1000 unique tyrosine phosphorylated peptides from only 4 mg
of starting material [34].

Immobilized Metal-Ion Affinity Chromatography (IMAC),
usually Fe’*-IMAC, and Metal Oxide Affinity Chromatogra-
phy, mainly titanium dioxide (TiO,) chromatography are the
most frequently used enrichment techniques for S/T-phosphor-
ylated peptides. Both techniques are well established in a great
number of laboratories and can robustly yield high numbers of
phosphorylation sites by LC-MS/MS analysis on routine
basis [521-23). Many different optimization strategies have been
published and reviewed over the past decade [932). The majority
of those have been small incremental advances describing the
use of different binding and washing conditions, which
improve the number of identified phosphorylation sites. Com-
bination of the two techniques, as well as their integration with
fractionation methods can further enhance numbers of identi-
fied phosphopeptides [2335-38].

IMAC strategies are commonly less specific than metal-
oxide-based workflows as they lead to a stronger enrichment of
nonphosphorylated acidic peptides. A prominent innovation in
the last couple of years was the development of IMAC materi-
als with different chelation matrices. Zhou ez 4l. introduced an
IMAC-Ti*" resin for metal chelation, which uses a phospho-
nate moiety for immobilization, and Ti*" as the metal cat-
ion [3940]. It resembles TiO,-based enrichment in having high
tolerance toward acidic buffers and low nonspecific binding of
acidic peptides [11] and was successfully implemented to differ-
ent high-throughput phosphoproteome analyses in cell lines
and tissues [1341].

Recently, Fe-IMAC in an HPLC-based format was found to
outperform Ti-IMAC and TiO, in direct comparison [42].
Interestingly, this study challenged the generally accepted view
of IMAC and Metal Oxide Affinity Chromatography-based
techniques being orthogonal in terms of phosphopeptide identi-
fication, a striking finding that will require further validation in
the field.

In general, the number of identified phosphorylation sites
strongly depends on sample amounts, chromatography, MS
instrumentation and analysis pipelines, rendering the direct
comparison of the phosphorylation site identifications from
different laboratories difficult (Taptes 1-3).

A number of alternative enrichment strategies have been
developed in recent years, including polymer-based metal ion
affinity capture (PolyMAC) [4344], Phos-tag [45], as well as
precipitation-based enrichment strategies, such as those based
on lanthanide ions [46]. Those techniques are further comple-
mented with targeted strategies enriching specific subsets of the
phosphoproteome, such as motif-specific antibodies [47], or
‘fishing’ with phospho-binding domains such as phosphotyro-
sine binding SH2 domains (48] or 14-3-3 motifs [49).

Phosphopeptide enrichment is commonly linked with frac-
tionation strategies to reduce sample complexity. Strong cation

exchange (SCX)-based chromatography has been the most
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Table 1. Quantitative phosphoproteomics in cell lines.

Olsen et al. (2006)

Nagaraj et al. (2010)

Rigbolt et al. (2011)

Beli et al. (2012)

Mertins et al. (2012)

Engholm-Keller (2012)

Batth et al. (2014)

Bennetzen et al. (2010)

Bensimon et al. (2010)

Mertins et al. (2013)

Sawney et al. (2013)

Francavilla et al. (2013)

Kumlerl et al. (2014)

de Graaf et al. (2014)

Ruprecht et al. (2015)

Giansanti et al. (2015)

Hela cells
EGF-stimulated

Hela

Human stem cells

Human osteosarcoma
cells (U20S) treated
with etoposide or
lonizing radiation

Hela cells
EGF-stimulated

Rat cell line (INS-1)

Mouse 3T3 cells

GMO00130 cells
DNA damage-exposed

G361 human
melanoma cell line
DNA damage-exposed

Jurkat cells (human
T-cells)

Yeast

Hela cells
FGF-stimulated

Yeast (rapamycin-
treated)

Jurkat cells (human
T-cells)

Human epidermoid
A341 cells

Jurkat T-cells

TiO, and SCX SILAC 6600 phosphorylation [5]
sites on 2244 proteins

SCX/TiO, 9668 phosphorylation (8]
sites

SCX/TiO, and others SILAC 23,522 phosphorylation [52]
sites, 6521 proteins

SCX/TiO, SILAC 1470 phosphorylation [74]
sites (additionally
1796 lysine acetylation
sites)

SCX/IMAC ITRAQ & mTRAQ 12,129 phosphopeptides [77]
on 2699 phosphoproteins
(ITRAQ);
4448 phosphopeptides
on 1597 phosphoproteins

‘TiSH’: TiOy/sequential 6600 unique [35]

elution from IMAC/ phosphopeptides

HILIC

off-line high-pH 30,000 unique [37]

chromatography TiO, phosphopeptide variants

ERLIC and TiO, SILAC 5204 phosphorylation [73]
sites

TiOy Label-free 2871 phosphorylation [75]
sites on 1099 proteins

Fe>*IMAC 20,800 phosphorylation [35]
sites

SCX Label-free 2100 phosphorylation [107]
cells, 466 proteins

Antiphosphotyrosine SILAC 1212 tyrosine [71]

beads phosphorylated peptides

SCX/TiO, SILAC 8961 phosphorylation [136]
sites, 3590 proteins

Ti(4+)-IMAC and Label-free 16,200 phosphorylation [13]

phosphotyrosine sites

antibody enrichment

Fe-IMAC in an HPLC Label-free 14,00 unique [42]

format phosphopeptides

Combined with SCX

Ti*-IMAC Label-free 18,430 unique [31]

phosphosites

Cell studies of phosphoproteomics listing: Biological context of the experiments, Phosphopeptide enrichment method, quantitation method, number of identified sites

and reference.

ERLIC: Electrostatic repulsion hydrophilic interaction chromatography; HAMMOC: Hydroxy! acid-modified metal oxide chromatography; iTRAQ: Isobaric tags for relative
and absolute quantitation; SCX: Strong cation exchange; TiO,: Titanium dioxide.

widely applied off-line fractionation method to date [523).
However, also  hydrophilic chromatography
(HILIC), electrostatic repulsion-hydrophilic interaction chroma-

interaction

tography and pH reversed-phase chromatography have been

successfully applied in large-scale phosphoproteomics stud-
ies [3537.3850. Notably, due to its high phosphopeptide
separation power, high pH reversed-phase chromatography is
becoming popular as an alternative to SCX-based fractionation.

informahealthcare.com

473


http://informahealthcare.com

von Stechow, Francavilla & Olsen

Table 2. Stoichiometry.

Olsen et al. (2010) Hela (cell cycle SCX/TIO, SILAC Data-dependent 20,443 phosphorylation [22]
progression) stoichiometry sites, 6027 proteins
estimation
Wu et al. (2011) Yeast HILIC Chemical Phosphatase 5033 phosphorylation [79]
labeling with treatment sites
stable isotopes
Sharma et al. (2014)  Hela (Cell cycle SCX/TIO, Label-free Data-dependent 50,000 phosphorylation [23]
progression and EGF stoichiometry sites
stimulation) estimation
Tsai et al. (2015) Gefitinib-sensitive IMAC Isotopic tagging ~ Phosphatase 1000 phosphorylation (80]
and resistant human purification with dimethyl treatment in sites
lung adenocarcinoma  (Followed by labeling combination
cell line PC9, Raji kinase reaction) with kinase
human B cell line assay

Phosphoproteomics analyses including stoichiometry measurements: Biological context of the experiments, Phosphopeptide enrichment method, quantitation method,

stoichiometry measurement method, number of identified sites and reference.
SCX: Strong cation exchange; TiO,: Titanium dioxide

The powerful linkage of phosphopeptide enrichment and
fractionation can yield impressive coverage of the phosphopro-
teome. This was shown in a recent study of the Mann labora-
tory, in which they identified more than 50,000 distinct
phosphopeptides in the human Hela cell line, the most popu-
lar cellular system used in phosphoproteomics to date (Fioure 2).
In this study, the authors identified more than three-quarters of
the Hela proteome as target for phosphorylation. Those
included base-level phosphorylation events and phosphorylation

Table 3. Tissue phosphoproteomics.

sites responding to EGF treatment, mitotic arrest and pervana-
date treatment [23].

Compared with this and other deep analyses of the phospho-
proteome [21225152], 2 number of studies have shown the bene-
fic of enrichment without prior or postfractionation and
‘single-shot” MS analysis [53). Using equal amounts of starting
material, Kettenbach er al. could yield comparable numbers
between a combination of SCX and TiO, enrichment and sin-
gle TiO, enrichment. The authors highlighted the increase in

Monetti et al. (2011) Murine liver SCX/TIO, Spike-in SILAC up to 20,491 phosphorylation sites (65]
Corradini et al. (2014)  Murine brain Ti**-IMAC Manual 3690 identified (67]
inspection 3271 quantified
Lundby et al. (2012) 14 rat organs TiO, Label-free Total 31,480 phosphorylation sites, (55]
and tissues 7280 proteins
Huttlin et al. (2010) 9 murine tissues ~ SCX/ Fe>*-IMAC  Label-free 35,965 phosphorylation sites, 6296 proteins [21]
Lundby et al. (2013) Murine hearts TiO, Label-free 8518 phosphorylation sites, 4246 proteins [64]
Narumi et al. (2012) Human breast Fe*-IMAC iTRAQ 8309 phosphorylation sites on 3401 proteins (68]
cancer tissues SRM-based 19 validated by SRM
validation
Wakabayashi Formaline-fixed, HAMMOC Chemical 1090 phosphopeptides [62]

et al. (2013)

Large-scale tissue-specific phosphoproteomics studies. Cell studies of phosphoproteomics listing: Biological context of the experiments, phosphopeptide enrichment

paraffin-
embedded and
fresh murine
liver

method, quantitation method, number of identified sites and reference.
HAMMOC: Hydroxyl acid-modified metal oxide chromatography; iTRAQ: Isobaric tags for relative and absolute quantitation; SCX: Strong cation exchange; TiO,: Titanium

dioxide.

labeling based
on reductive
dimethylation
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The HeLa phosphoproteome
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Figure 2. Phosphosite identifications over time. Plot shows increase in identification of phosphorylation sites in HelLa cells and

different rodent tissues over the last 9 years.

reproducibility and decrease in analysis time achieved by elimi-
nating the prefractionation step [53]. Moreover, single shot
methods are beneficial for the scalability of phosphoproteomics
experiments.

Different groups reported identifications in the range
between 1000 and 10,000 phosphorylation sites from sample
amounts between 1 and 400 ug, including both single-shot
and fractionation-based methods [935505354). The Ishihama
group could, for example, identify 1000 phosphorylation sites
from as little as 10,000 HeLa cells, by using a combination of
hydroxyl acid-modified metal oxide chromatography and a
miniaturized LC column of 25 UM internal diameter [54].

High coverage phosphoproteomes are unquestionably rele-
vant to clarify the ‘complete picture’ of single cellular states or
responses to reladvely small numbers of stimuli. The data
assembled in those studies provide invaluable compendia of
possible phosphorylation sites. Those are far from comprehen-
sive to date, as shown by the continuous identification of previ-
ously undescribed phosphorylation sites.

In contrast, faster, ‘single-shot” methods will be vital for clin-
ical application of phosphoproteomics, where changes in
phospho-signatures rather than analysis of individual phosphor-
ylation sites are the goal. Application of such ‘minute amount
of input material’ protocols will expand our view of
phosphorylation-mediated processes in lowly abundant primary
cell types, such as stem cells. Single-shot methods, which
robustly identify biologically relevant phosphorylation sites,
could furthermore bridge the gap between targeted and discov-
ery phosphoproteomics studies and support establishing phos-
phoproteomics as a routine technique in a broader number of
laboratories.

Challenges in tissue phosphoproteomics

Despite the wealth of phosphoproteomics studies analyzing a

great number of biological phenotypes in cell lines, phospho-

proteomics investigations of tissues are still relatively sparse.
Next to the challenges common to phosphoproteomics anal-

yses of cell lines, tissue phosphoproteomics are faced with a

number of distinctive limitations. The first of those relates to

sample availability, especially for analysis of small organs in
rodent models or prognostic tissue biopsy samples from
patients. Thus, it can be difficult to yield adequate sample
amounts for efficient phosphopeptide enrichment. Another fac-
tor is sample heterogeneity due to biological variation, as well
as the presence of blood. The latter can be reduced by perfu-
sion during euthanization, when studying rodent models [5155].
Heterogeneity among tissue cell types or among different
tumor cell populations can potentially be addressed by tissue
microdissection prior to MS analysis [s6].

Sample collection conditions inevitably introduce a bias for
both cell line and tissue-based phosphoproteomics [57-60]. For
phosphoproteomics immediate inactivation of cellular kinases
and phosphatases is a prerequisite, but this can be especially
difficult for collection of clinical samples of human patients. In
the worst case, artifacts related to sample collection and prepa-
ration conditions could lead the researcher to assume false regu-
lation of phosphorylation pathways, as discussed below.

Recent studies have analyzed the effect of ischemic events on
the proteome, total phosphoproteome and the tyrosine phos-
phoproteome of tumor samples [s960]. While those studies
found the proteome largely unchanged, up to one fourth of the
total phosphoproteome and half of the tyrosine phosphopro-
teome were significantly affected by ischemic events [s9.60].
Moreover, proteins, which showed altered phosphorylation after
ischemia, were often linked to cancer-relevant pathways. This
hints that deviations of those pathways potentially inferred
from tssue phosphoproteomics studies could in reality result
from ischemic events [59.60]. It is, therefore, important to make
use of rapid preparation methods that ‘freeze’ the in vivo state
of the phosphoproteome, for example, by protein denaturation
using heat-inactivation of fresh or snap frozen tissue [s161].

Interestingly, a recent report by the Ishihama group sug-
gested the potential to perform quantitative phosphoproteomics
analysis on paraffin-embedded murine liver dssue. A specific
sample preparation protocol was applied, including sample
heating to break formalin-induced protein crosslinks and paraf-
fin removal by ethyl acetate. Subsequent application of the
hydroxyl acid-modified metal oxide chromatography method
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combined with miniaturized LC setup yielded identification of
1090 phosphopeptides from a single paraffin section (roughly
25 ug of protein), with the ‘paraffin’- phosphoproteome being
similar to that of fresh liver tissue samples [62].

Different groups catalogued tissue-specific phosphorylation
in model organisms, such as mouse, rat or drosophila
embryos [215163]. Among the more than 30,000 phosphorylation
sites that were found in the analyses of mouse and rat phos-
phoproteomes, the authors found roughly 50% of phosphoryla-
tion events to be tissue specific, with especially high numbers
in brain and testis [2151]. Huttlin ez /. found that the most
abundant phosphorylation motif was proline-directed, compris-
ing around 30% of all phosphorylation sites [21].

While those studies encompass important repositories of
tissue-specific and global phosphorylation events, they do not
analyze the reaction to perturbations. Different reports now
address 7z vivo responses to stimuli, such as response to
B-blockers and activators in murine hearts [64], insulin signaling
in mouse liver [65], antagonistic antibodies in xenograft models
of human breast cancer cell lines [66] and the phosphorylation
differences between wild-type and guanosine monophosphate-
dependent protein kinase CGKI knockout mice [67], to name
a few.

In a report from 2012, Narumi ez /. indicated the potential
for selected reaction monitoring (SRM), a highly sensitive, tar-
geted MS/MS method, to corroborate biomarkers identified in
large-scale discovery phosphoproteomics. The authors performed
SRM-based validation of 19 phosphopeptides, which were differ-
entially phosphorylated between tissue samples of patients with
breast cancer from high- and low-risk recurrence groups [63].

Despite the increasing number of studies applying phospho-
proteomics to tissues, a general lack of highly standardized proto-
cols equivalent to those that exist for the analysis of cell lines,
conditions of sample collection and issues relating to phosphosite
quantitation still constitute bottle-necks for tissue phosphopro-
teomics. The recent description of possibilities to perform phos-
phoproteomics on paraffin-embedded tissues might be intricately
relevant for clinical applications of phosphoproteomics [62].

Quantitative phosphoproteomics in cell lines and
tissues

Most phosphoproteomics analyses are targeted toward finding
alterations in biological phenotypes, for example, between treat-
ment conditions, diseased versus healthy cells, tissues or organ-
isms or developmental stages. For this quantitative comparison
of biological states, a number of techniques are available,
including metabolic or isobaric labeling, as well as label-free
techniques. Stable isotope labeling strategies include SILAC,
dimethyl labeling and the use of isobaric tagging reagents such
as isobaric tags for relative and absolute quantitation (iTRAQ)
and the tandem mass tagging (TMT) approach. The MSI1
level-based quantitation strategies SILAC and dimethyl labeling
are restrained by the availability of different labels, as complex-
ity of spectra is a limiting factor. For isobaric labels, quantifica-
tion of peptides is achieved on the MS2 level, allowing for the

use of more labels, often 4, 8 or even 10 but also multiplexing
approaches [69.70).

SILAC-based phosphoproteomics is a robust and well-
established methodology, which has been extensively applied to
study dynamic signaling responses in cell line models. Those
studies included responses to growth factors [571] and kinase
inhibitors  [72], cycle stage [22,, DNA  damage
responses [47.73-76] and ES cell differentiation [52).

cell

Advantages and disadvantages of different strategies relate to
handling, reproducibility, efficiency and price. While SILAC
labeling is very robust and comparably inexpensive for phos-
phoproteomics, iTRAQ/TMT labeling is much more expen-
sive. Due to mixing at later stage, iTRAQ/TMT strategies are
more prone to artifacts introduced during sample preparation,
which hampers accurate quantitation.

For SILAC or dimethyl labeling, the precursor signal is split,
increasing the full-scan complexity and limiting the dynamic
range. Conversely, iITRAQ/TMT labeling has an additive effect
on precursor intensities. In a direct comparison of chemically
identical nonisobaric, mass differential tags for relative and
absolute quantification and iTRAQ labels, Mertins ez al. found
that iTRAQ led to the identification of three times more phos-
phopeptides [77], but at the expense of compressed phosphopep-
tide ratios due to coisolation and MS/MS analysis of coeluting
phosphopeptides of similar mass-to-charge.

Similar to isobaric labeling, label-free techniques are vulnera-
ble to sample preparation-induced biases. In addition, the lack
of a mixing step and requirement for a higher number of repli-
cates can increase the use of instrument time substantially.
A specific challenge for label-free quantitation of PTMs lies in
the fact that modified peptides have to be quantified individu-
ally, as opposed to proteomics analyses, where multiple peptides
contribute to the quantitation of a protein. Missing quantitation
points in individual samples can thus hamper label-free analyses.
This issue is typically addressed by a so-called match between
run approach, where peptide intensities are transferred between
replicates by matching the accurate mass and retention time of
peptides identified in one of the experiments. However, it is
important to keep in mind that this approach is challenging in
label-free phosphoproteomics dataset because differentially phos-
phorylated versions of the same peptide can have the same mass
and often similar elution profiles and retention times.

Nevertheless, rigid protocols for sample preparation, good
and reproducible chromatography and MS analysis, and robust
analyses methods [78) make application of label-free techniques
for both tissue and cell line-based phosphoproteomics feasi-
ble [2364]. For future use in clinical phosphoproteomics, accu-
rate label-free strategies are highly relevant, as costly isobaric
labeling techniques might not be applicable for routine use.

Determining phosphorylation occupancy

Next to identifying changes in phosphorylation levels between
different biological conditions, the determination of the relative
stoichiometry of phosphorylated forms of proteins is an impor-
tant aspect.
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Perceptibly, changing ratios of phosphorylated peptides (for
example, in response to drug exposure or during cell cycle pro-
gression) might have drastically different biological effects in cases
where only low amounts of the total protein are phosphorylated
as opposed to cases where phosphorylated forms show very high
occupancy. However, identifying phosphorylation site occupancy
is not a trivial task, and only a small number of studies have dealt
with measuring occupancy. In 2010, Olsen ez a/. measured occu-
pancy of various phosphorylation sites throughout the cell cycle,
by global quantitative (phospho)proteomics. The authors used
SILAC ratios of protein, phosphopeptide and unmodified pep-
tide, to calculate occupancy of phosphorylation sites. They found
around 50% of the sites on which they could perform stoichiom-
etry calculations to be phosphorylated with occupancy of greater
than 70% during mitosis. This method is very practical as it cal-
culates stoichiometry directly from the data, without introducing
further experimental steps, but occupancy can only be calculated
for phosphorylation sites, which show altered SILAC ratios.
Moreover, the technique is only applicable for singly phosphory-
lated peptides, as multiply phosphorylated peptides would neces-
sitate more complex methods of calculation [22].

The same method was applied for other combined high-
coverage analyses of protecome and phosphoproteome.
Sharma ez al. performed ultra-deep analysis of the Hela phos-
phoproteome after stimulation with the growth factor EGF or
release into mitosis, using a label-free approach and calculated
fractional occupancy on 7620 sites. They could confirm high
stoichiometry of mitotic phosphorylation sites, as opposed to
low phospho-stoichiometry of EGF-stimulated and control cells
(<25%). Measuring the fractional occupancy of tyrosine phos-
phorylation for the first time, they showed that tyrosine
phosphorylation, in contrast to serine and threonine phosphor-
ylation, had higher occupancy in EGF-treated cells when com-
pared with control or mitotic cells [23].

In 2011, a study by Wu ez a/. implemented a method based
on combination of phosphatase treatment and stable isotope
labeling, to determine absolute protein phosphorylation stoichi-
ometry in yeast [79]. They subjected samples to phosphatase or
mock treatment and subsequent chemical labeling. The authors
used a list of 5033 phosphorylation sites described in the litera-
ture and determined the occupancy of their phosphorylation.
Only few sites showed very high occupancy, while more than
half of the investigated sites showed occupancy lower than
30%. GO-term analysis revealed that phosphosites with high
occupancies related to chromatin silencing and cytokinesis dur-
ing cell cycle, the latter being in line with the studies by Olsen
and Sharma et al. [2223). While this method is sophisticated for
identifying phosphorylation stoichiometry, it lacks the potential
for new discovery, as it relies on prior knowledge. Moreover,
also here multiphosphorylated peptides constitute a problem
for occupancy determination.

In a recent elegant study, Tsai et al. implemented a kinase
motif-targeting approach for analysis of phosphorylation site
occupancy of specific kinase substrates. They analyzed a single
state human proteome, by combining dephosphorylation with

isotope tagging and enzymatic kinase reactions [80]. This strat-
egy allowed them to estimate phosphorylation site occupancy
of >1000 phosphorylation sites that were targets of ERK2,
CK2 and EGFR.

Next to identifying the relative stoichiometry of phosphory-
lation, identifying absolute levels of phosphorylated peptides
can be of interest [81]. Absolute (phospho)peptide quantification
generally relies on spike-in of synthetic, isotopically labeled
standard peptides, which can then be used to quantify absolute
amounts of the correspondent peptide present in the sample.
Combination of heavy-labeled standard peptides with isobaric
tagging has recently been applied to analyze quantitative differ-
ences in phosphorylation of the EGFR in response to different
ligands [82).

It should be noted that the described effect of phosphoryla-
tion sites on protease-based digestion [2931] might bias stoichi-
ometry estimations. If indeed some phosphopeptides show
10-fold lower tryptic digestion efficiency, this could lead to
strongly underestimated occupancy calculations of those
phosphopeptides [229].

MS is still an analytic technique that determines phosphory-
lation events on the population and not yet on single cell level.
Thus, heterogeneity in a population of cells cannot be reflected.
As site occupancy changes throughout the cell cycle, in asyn-
chronous cell populations [79] with only a few cells in mitosis,
bulk occupancy values could be misleading. Orthogonal tech-
nologies such as high-throughput flow cytometry or microscopy
might in many cases be necessary to reveal phosphorylation
stoichiometry on the level of individual cells.

Finding biologically relevant phosphosites
To study the functional consequence of identified phosphoryla-
tion sites, it is crucial to localize the phosphorylation site within
the peptide with single amino acid precision. High-quality
MS/MS data are a prerequisite for such exact site localization.
Protein and peptide identification is based on database search
tools that match peptide fragmentation patterns to a database of
known protein sequences [83]. However, those methods are usu-
ally not optimized for phosphorylation site identification, as
they do not indicate confidence of site localization. Most pepti-
des contain more than one phospho-modifiable amino acid,
complicating the precise localization of the phosphosite.
Phosphosite localization, in general, makes use of two related
probability-based  scoring  algorithms; the A-score by
Beausoleil ez al. (3] and the PTM Score by Olsen et al. [45), as
well as different scores derived from those. In a study comparing
three different scoring algorithms on a library of synthetic phos-
phopeptides, Marx ez al. found similar performance for the three
popular scores: Mascot Delta score, PTM-score (implemented
with Max-Quant and its Andromeda algorithm) and the
phospho-RS score (embedded into proteome discoverer) [12].
Among more than tens of thousands of phosphorylation
events identified in a routine phosphoproteomics experiment,
nowadays [5,13212337.5277) only a subset is relevant for specific
cellular signaling processes. Many other phosphorylation events
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are either involved in structural processes or can be considered
‘biological noise’ [84]. One reason for this ‘noisiness’ might be
that kinases, similar to other cellular enzymes can make errors
in substrate recognition and phosphorylation [285]. Moreover,
occupancy of phosphorylation of certain residues might have to
reach a certain threshold to perform a biologically meaningful
function, indicating that the phosphorylation at the time of
analysis is not vital for observed phenotype(s).

Different studies used MS-based phosphoproteomics as the
means or basis for hypothesis-driven biological experiments, as
shown in recent comprehensive MS-based analyses of RTKs
signaling networks (71.86-89].

Various bioinformatics strategies can help providing insights
into the potential functionality of phosphorylation sites identi-
fied in nonhypothesis-driven large-scale phosphoproteomics
analyses. Those can be generally divided into predictive or
descriptive strategies [90]. Most bioinformatics and mathematical
analyses of MS-based phosphoproteomics still fall into the
descriptive category, with a few studies favoring predictive
models, based on phosphoproteomics datasets [90].

Bioinformatics strategies to analyze phosphoproteo-
mics datasets

Among the descriptive approaches both data clustering and
enrichment analyses are very common. When dealing with
datasets of global phosphorylation site changes spanning multi-
ple settings, such as different time points or treatment condi-
tions, clustering analyses can be a highly valuable tool to
identify closely related phenotypes [57191]. Olsen er al. used
fuzzy c-means clustering to identify groups of phosphosites,
which had related dynamic profiles, with identified clusters
containing functionally related members [s5]. Francavilla ez al.
used the same clustering approach for phosphoproteome
changes that were induced by treatment with two different
FGF ligands. Clusters of varying dynamic profiles differed sub-
stantially for the response to the two different ligands [71).

Next to clustering, enrichment of functional categories, for
example, from the gene ontology [92] or KEGG database [93] is
often applied to infer information about biological functions of
groups of phosphorylation sites. Various online tools such as
David [94) or InnateDB [95] allow enrichment analyses mining
various databases. Care should be taken, however, regarding
enrichment versus whole genome data, as the unavoidable
experimental bias of MS-based experiments can skew the
enrichment considerably. It is therefore recommendable to
make use of the nonregulated phosphoproteome from a given
experiment as the ‘background’ for enrichment analyses.

Both clustering and enrichment are applied to almost all big-
ger phosphorylation analyses nowadays and serve as the basis
for hypothesis generation for biological follow-up experi-
ments [522527173-75]. GO-term analyses of phosphorylation
responses to two different FGF ligands indicated changes in
cell migration to be specific to FGF-10, while phosphorylation
responses mediated by FGF-7 were enriched for cell prolifera-
tion [71]. The authors could confirm the hypothesis based on

migration assays in breast cancer cells, and 7z vivo branching of
murine lung explants. This study constitutes one of the rare
examples where the hypotheses that are generated by GO-term
analyses of phosphoproteomics studies are being functionally
validated in both iz vitro and in vive context [71].

Mapping phosphorylation sites onto protein interaction net-
works is another way to gain functional knowledge about regu-
lated phosphoproteins. The interactions reported within those
databases have varying degrees of confidence as they can be
based on manual curation, text mining, experimental data, evo-
lutional conservation and so on [96-98]. Visualizing interactions
with tools such as STRING DB (9] or Cytoscape [99] can give
insights into the biological context in which phosphorylation
sites function. In 2010, Klammer ef 4/ introduced an algo-
rithm, which combines phosphoproteomics data with
STRING-based protein interaction network information. The
subextractor algorithm is based on Bayesian probabilistic
modeling, which takes into account both differential regulation
and network topology [100].

A great number of phosphoproteomics studies have used
network-based analyses to infer biological roles for identified
phosphoproteins. Beli ez al. used STRING-based network anal-
yses to find functional modules in DNA damage-exposed
human tumor cells. They found a cluster centered on splicing
and subsequently validated the recruitment to or exclusion
from sites of DNA damage for the splicing-related factors
PPM1G and THRAP3 [74]. Similar to GO-term analysis and
clustering, network-based analyses is good starting point for
hypothesis generation from large-scale phosphoproteomics
studies.

A sophisticated description of biological phenotypes by the
use of mathematical models, which are based on phosphopro-
teomics data, has been attempted in only a few studies to
date [90].

Different groups aimed to use phosphoproteomics analyses
of cancer cell lines for the classification of tumor types. In
2013, Casado ez al. used regression-based modeling to classify a
panel of hematological cancer cell lines and were able to distin-
guish sensitive and resistant cells based on patterns of their
kinase activities [101]. Interestingly, they found that kinase activ-
ities indicative of resistance to certain drugs were not necessar-
ily members of the pathway that was being targeted by the
respective drug.

In 2014, Vaga er al. combined a set of logic models of
MAPK signaling in yeast with high-time resolution measure-
ments of phosphoproteomics and identified extensive crosstalk
between two MAPK signaling pathways [102]. Another study of
the HOG pathway in yeast by Kanshin ez @/ provided high-
resolution temporal phosphorylation data in response to
osmotic stress allowing the kinetic modeling of this phosphory-
lation response [91].

As indicated by those studies, a large number of datapoints
is necessary for sophisticated modeling, which is most often
limiting in MS-based analyses. Phosphoproteomics of model
organisms such as yeast now allow for a more fine-grained
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temporal or stimulus-based analysis of global phosphorylation
changes [91.102) and might serve as the foundation for deriving
and testing mathematical models

networks.

of phospho-signaling

Analysis of sequence specific features

The above-described analysis strategies treat phosphorylation
site changes as if there were changes in gene expression or pro-
tein abundance. This way of analysis neglects a crucial layer of
information, which is provided in the phosphorylation sites
and the surrounding amino acid sequence context.

A number of strategies rely on analyzing sequence informa-
tion in the vicinity of phosphosites (Feure 3). Many of those have
been implemented as web-based or standalone tools or have
been incorporated into analyses software packages. Interestingly,
the presence of multiple phosphorylation sites within the same
peptide is rarely accounted for in bioinformatics analyses. This
constitutes a conceptual problem, as different phosphorylation
sites on the same peptide or protein can follow different
dynamic profiles and have different functional roles. For exam-
ple, a number of phosphorylation events serve as ‘priming sites’
for subsequent phosphorylation of the same protein [s71).
Despite great experimental efforts targeted toward identifying
multiphosphorylated peptides [933], those peptides pose a clear
challenge for analysis, related to site localization ambiguity, stoi-
chiometry estimation and bioinformatics integration.

Analyzing evolutional conservation
Studies of the evolutionary conservation of the localization and
sequence bias of phosphorylated amino acids have yielded con-
flicting results [84]. Phosphorylation sites are generally assumed
not to be well conserved between species [103], despite the fact
that phosphorylation site numbers of proteins within signaling
pathways are similar between species [104]. By functional priori-
tization of many MS-based PTMs studies, which was based on
cross-regulatory events, domain activity and protein—protein
interactions, Beltrao ¢t al. analyzed their evolutionary conserva-
tion and functionality. They confirmed the assumption that
phosphorylation sites with known biological functions, as well
as phosphorylation sites that have been shown to be regulated
in MS-based experiments, are more likely to be evolutionary
conserved [105]. They, moreover, found an increase of evolu-
tionary conservation of phosphorylation sites [105], which occur
in close proximity to other PTMs, hinting toward the impor-
tance of PTM-crosstalk [106], as discussed below. A later study
of co-occurring phosphorylation and ubiquitylation events in
yeast confirmed higher evolutionary conservation of phosphory-
lation sites, which co-occur together with ubiquitylation
events [107]. A high-resolution temporal analysis of phosphoryla-
tion signaling after osmotic shock in yeast further hinted
toward evolutional conservation of fast-occurring versus slow-
occurring phosphorylation events [91].

When comparing different fungal species, Wu ¢t al. found
sites, which showed high phosphorylation occupancy to be less
conserved than the ones that showed lower occupancy [79]. In
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contrast to this, other studies reported high occupancy phos-
phorylation sites to show a higher evolutional constraint [84108).
In this respect, it is interesting to note that phosphorylation
sites are five-fold less conserved between human and drosophila
when compared with lysine acetylation [109); however, the latter
are generally of very low stoichiometry compared with phos-
phorylation [110]. This might in part be a result of lysines resi-
dues being on average more conserved than serines and
threonines, even when not modified.

The low evolutional constraint of annotated phosphorylation
sites without a cellular function might be a result of their func-
tional divergence throughout species progression. It could,
however, also be related to a general lack of function, making
it less evolutionary favorable to preserve those sites. Nonethe-
less, kinase—substrate interactions are generally predicted to be
more evolutionary conserved than specific phosphorylation
sites, with the potential of different sites within the substrate or
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on a different subunit within the same complex being the
phosphorylation target of the same kinase in different organ-
isms [111112]. For the prioritization of large-scale phosphoryla-
tion data, as well as for extrapolating findings from one
biological system to another, those factors should be taken into
consideration. Moreover, it is interesting to consider those find-
ings, as well as the fact that a few point mutation are often suf-
ficient to alter a PTM site [84] in the context of cancer cells.
The genomes of cancer cells have high mutations rates and can-
cer cells often show generally aberrant signaling responses [113].
For biomarker discovery, it is thus exceedingly important to
identify the biologically relevant and robust phosphorylation
sites, among the jungle of nonfunctional phosphorylation
events.

Kinase-substrate relationships

While phosphoproteomics provide a wealth of data, identifying
kinases responsible for specific cellular phenotypes can be a dif-
ficult task. Mapping kinase—substrate relationships is a critical
step for understanding essential signaling networks and identi-
fying pharmaceutical targets for drug discovery [114.115].

Various tools (e.g., Phospho.ELM [116], NetworKIN [117],
motif-x [118], and IceLogo [119]) can enrich for kinase motifs
among the regulated phosphorylation sites, hinting toward apical
modulators of the observed responses. The NetworKIN algo-
rithm links contextual information with predicted kinase motifs
to identify upstream kinases, causing a higher accuracy of this
algorithm [117]. A combination of motif-x, for identification of
linear motifs, and NetworKIN, for the prediction of the responsi-
ble kinase, has been applied in various studies for identification
of kinases likely responsible for the observed phenotypes, such as
human embryonic stem cell differentiation [5291].

However, not all kinases have favored linear sequence motifs.
It seems only serine/threonine kinases but not tyrosine kinases
have specific sequence motif preferences. Instead, specificity in
the recognition of tyrosine phosphorylation motifs is achieved
by the readers of this modification, that is, proteins with
SH2 or PTB domains (Ficure 1) [120]. Moreover, members of
kinase families share the same motifs, and kinases rarely show
exclusively ‘direct’ effects [121]. The sum of those factors indi-
cates a generally highly complex relationship between kinase
groups and their direct and indirect targets, obstructing infer-
ence of direct kinase—substrate relationships from phosphopro-
teomics data. An exception to this rule seems to be the secreted
phosphoproteome that was recently shown to be almost exclu-
sively targeted by a single kinase, Fam20C [122).

Direct kinase—substrate relationships have classically been
validated using biochemical assays relying on radioactive
isotope labeling of phosphorylated targets with **P or *°P,
which allow phosphorylation analysis status by radioactivity
measurements.

A number of MS-based strategies can be applied to identify
kinase-substrate relationships iz wvitro and in wive. Those
include the pharmacological inhibition of kinases [7275.123], use
of analogue-sensitive kinases [124], kinobead-technology [125] and

application of native MS for studying protein phosphoryla-
tion [126]. Moreover, in vitro kinase assays on whole cell extracts
have been combined with MS-based phosphoproteomics to
identify substrate pools of different kinases [127-131). Those
included, for example, the protein-tyrosine kinase SYK [129] or
the serine/threonine ERK [130], as well as kinases of the Plk-
family [131].

Analysis of crosstalk between phosphorylation & other
PTMs

Phosphorylation does usually not occur as an isolated event on
a protein. Crosstalk or at least co-occurrence between multiple
phosphorylation sites or between phosphorylation and other
PTMs is common, and often occurs in close proximity on pro-
teins [84132). This permits investigating them using classical
tryptic peptide-based analyses [107].

Co-occurrence of modifications on the same protein can
introduce combinatorial logic [107); and, for example, hinder or
promote occurrence of additional PTMs [106). PTM crosstalk
can regulate and fine-tune the function of key signaling hub
proteins such as histone tails [133] or the tumor suppressor
P53 [134].

Several groups have begun to study the crosstalk between
different PTMs using MS [74,107.135.136]. Using different enrich-
ment protocols they aimed to decipher crosstalk of ubiquityla-
tion and phosphorylation in yeast, or the crosstalk of
phosphorylation, acetylation and ubiquitylation in human can-
cer cell lines [74135]. Beli ez al. performed parallel enrichment
for phosphopeptides and acetylated peptides, of DNA damage-
treated human tumor cells [74]. Mertins ez a/. commenced their
sequential enrichment protocol with IMAC-based phosphopep-
tide enrichment and continued with antibody-based enrichment
of ubiquitylated proteins and acetylated peptides [13s].
Swaney er al. isolated His-tagged ubiquitylated protein by
cobale-NTA affinity purification, successively enriched phos-
phopeptides from both ubiquitylated and nonubiquitylated
fractions and finally identified ubiquitin sites with a di-Gly
antibody [107].

Neither of the above approaches can give information about
the co-occurrence of PTMs on the same protein. Implementing
an additional peptide-centric approach, Swaney er al. used
SCX-based charge-state fractionation of peptides, which were
subjected to di-Gly antibodies to identify ubiquitylated
phosphopeptides [107).

In cases where the ‘crosstalk’ motifs between different PTMs
are described, motif analyses of the region surrounding the
phosphorylation site can give hints toward the occurrence of
this crosstalk in different biological contexts. Moreover, large-
scale sequence analyses of phosphorylated peptides can also
identify other regulatory elements, such as enrichment of degra-
dation signals of the KEN-box and PEST region type on cell
cycle-regulated (phospho)peptides [22]. An interesting repository
of linear motifs, which regulate protein function, can be found
in the switches. ELM resource that was introduced by van
Roey et al. (137.
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Expert commentary
The number of identified phosphorylation sites in single experi-
ments has increased drastically over the past decade. This devel-
opment is a result of the enhanced sensitivity of mass
spectrometers and increases in analysis speed, as well as
improvements in sample preparation and data

strategies (Ficure 2). In a seminal study in 2006, Olsen er al. set

analysis

the bar for the identification and quantitation of great numbers
of phosphorylation sites in MS-based experiments [s].

Since then a number of groups have been able to consis-
tently report identification of tens of thousands of phosphoryla-
tion sites from both cell lines and tissues [1321-23,3537,51,52.74,135].
However, those impressive numbers are commonly resulting
from the use of very high quantities of starting material, exten-
sive fractionation to reduce sample complexity and subsequent
increase in use of instrument time.

For all phosphoproteomics studies, a compromise has to be
reached between phosphoproteome coverage, reproducibility
and MS analysis time, as well as the number of replicates and
conditions to analyze. Depending on the study design trade-
offs have to be made between those different factors. This is
not trivial, as, for example, tissue studies can be limited in sam-
ple availability. For those studies high reproducibility is of
exquisite importance, to gain robust results despite hampering
factors such as innate tissue and patient heterogeneity and sto-
chastic nature of data-independent MS-based analysis. At the
same time, biologically relevant phosphorylation sites, which
could serve as biomarkers can be of low abundance and would
be only covered in studies, reaching a certain depth.

Cell line phosphoproteomics is not as limited in sample
amounts as tissue phosphoproteomics, and deep coverage has
been reached in a number of recent studies. After two individ-
ual groups indicated being close to accomplishing a ‘draft’ of
the complete human proteome in the last year [138139], the
question of the reachability of a ‘complete phosphoproteome’,
has been revisited. We analyzed the content of serines, threo-
nines and tyrosines, present in 20,206 reviewed protein entries
from the Swiss-Prot version of Uniprot (2015-06-19), reach-
ing a total number of 1.85 million potentially phosphorylatable
amino acids in the human proteome (Fcure 4). This number
does not account for the presence of splice variants, not all
amino acids being sterically accessible for phosphorylation, and
phosphorylation of other amino acids than S/T/Y. Assuming
around 10,000-12,000 proteins being expressed in a cell at any
given time, our estimation of the total amount of possible cel-
lular phosphorylation events is close to that of Ubersax and
Ferrel. In their review, from 2007 they postulated that there
are 700,000 potential phosphorylation sites in a human
cell [ss].

Given this impressive number, there secems to be ample
opportunity for discovery of novel phosphorylation sites. This
is reflected in the continuous identification of previously unde-
scribed phosphorylation sites in deep coverage studies [21.23].
However, in the foreseeable future, it is highly unlikely that we
can capture the complete human phosphoproteome or even the
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Figure 4. Phosphorylatable amino acids in the human
proteome. Serine, Threonine and Tyrosine content, as well as
their sum, extracted from the SwissProt version of Uniprot
(2015-06-19).

complete phosphoproteome of a specific cell at any given time.
This is due not only to technical issues but also to the instant
nature of phosphorylation. Phosphorylation events are highly
dynamic and strongly dependent upon biological context and
many exist at very low stoichiometry. Phosphorylation events —
specifically tyrosine phosphorylation — can moreover occur
much faster than regulation of protein levels or other PTMs.
Consequently, even time-resolved phosphoproteomics analyses
only capture a fraction of all possible phosphorylation sites as
their abundances is highly dependent on cell-type, cell cycle
status and stimuli.

In any case, we are very far from reaching the goal of a com-
plete phosphoproteome, as most phosphoproteomics experi-
ments rely on a relatively small number of well-established
laboratory cell lines [22237477). Moreover, tissue phosphoproteo-
mics analyses, which include a stimulus, are still sparse and
mostly constitute snapshots of a steady-state level [6465]. While
those data can serve as important compendia cataloging phos-
phorylation sites, putting those into a meaningful biological
context will be extremely relevant. Thus, the expansion of
phosphoproteome analysis to different cell types and biological
cues will aid the
phosphoproteome.

description  of a comprehensive

Five-year view

Phosphoproteomics is now a mature analytical technology that
is ready to take the next step, which is to be implemented as a
standard method in cell biology laboratories, extended to tissue
analyses and eventually enter the clinics. The developments of
new strategies and the constant refinement of currenty used
laboratory protocols are making phosphoproteomics a powerful
technique with great discovery power.

For the coming years, we foresee complementation of tryptic
peptide-centric phosphoproteomics data with targeted top-
down strategies, as well as complementary protocols using alter-
native proteases with different substrate cleavage specificity,
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which has recently been shown to extend the accessible phos-
phoproteome space [31]. Those will facilitate increased phospho-
proteome coverage and provide access to new levels of
information such as coregulation of phosphorylation events on
protein-scale.

To implement top-down strategies as sophisticated methods
for medium to high-throughput phosphoproteomics different
problems, relating mainly to chromatographic separation power
and dynamic range have to be addressed. However, a few
recent studies indicate that the field is on a good track to tackle
those challenges in the coming years [24].

Despite its great promise, many issues still persist for apply-
ing phosphoproteomics in the clinics, for example, for bio-
marker discovery. Those are mainly related to tissue sample
collection, such as ischemic artifacts [59.60], general interpatient
and inter-tissue heterogeneity, and the stochastic nature of
data-dependent acquisition in MS-based proteomics, as well as
abundance bias of phosphoproteomics techniques. For the
coming years, an introduction of standardized guidelines for
sample collection and preparation will be necessary to avoid
the identification of artificial phosphorylation changes. How-
ever, even with optimized protocols, the trade-off between cov-
erage and reproducibility and the generally low amounts of
sample available will likely make the standard implementation
of phosphoproteomics in the clinics a great challenge for the
field, which also calls for new generations of mass spectrome-
ters with significantly improved sensitivity and sequencing
speed. We foresee that advances in the field of targeted MS for
phosphoproteomics, as have been recently reported [68,140], will
be crucial in bridging the gap between discovery phosphopro-
teomics and ‘single-protein’ analyses and be highly useful for
finding phosphorylation-based biomarkers.

Although the sequencing speed and sensitivity of mass spec-
trometers have increased tremendously over the last years, the
boundaries of these important instrument parameters are likely
improved even further in the next 5 years. Increases in sensitiv-
ity and dynamic range of instruments, in combination with

sophisticated methods to reduce sample complexity, such as
powerful fragmentation strategies, will allow analysis of
phosphopeptides without prior enrichment steps. This will be a
crucial development to study stoichiometry of phosphorylation
events in samples, which are not biased by enrichment proce-
dures. Similarly, ion mobility-based techniques are now set to
make a significant impact on phosphoproteome coverage and
depth by separating multiply charged phosphopeptide species
of low abundance from interfering peptides and singly charged
chemical background noise.

Another important direction for the field is the development
of  sophisticated  computational  strategies to  model
phosphorylation-based phenotypes on a large-scale directly
from quantitative phosphoproteomics datasets. Such develop-
ments are imperative for finding regulatory phosphorylation
sites that are biologically meaningful within their given cellular
context as opposed to simply cataloging phosphorylation
events. With these developments phosphoproteomics is set to
revolutionize biomarker discovery and make its way into a rou-
tine technology applied in the clinics.
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Key issues

» MS-based phosphoproteomics is a powerful technology to study phosphorylation-dependent signaling in tissues and cells.

phosphoproteomics studies.

phosphopeptides and/or reduce sample complexity.

identified phosphorylation sites.

Advances in MS instrumentation, especially the evolution of hybrid orbitrap instruments, have greatly improved speed and sensitivity of

Phosphoproteomics is generally performed as a bottom-up approach, typically involving tryptic digestion.
Lower abundance of phosphopeptides, compared with their nonphosphorylated counterparts necessitates strategies to enrich

Quantitation of phosphorylation events and assessment of phosphorylation stoichiometry are crucial to determine biological relevance of

« Tissue phosphoproteomics is the important next step for the clinical application of phosphoproteomics, but is challenged by issues
relating to sample collection such as post-mortem events and at this point mainly represents snapshots of steady-state conditions.

by the commonly used bottom-up approach.

Studying crosstalk between phosphorylation and other posttranslational modifications (PTMs) is highly relevant, but functionally limited

Bioinformatics tools are necessary to identify the biological context in which phosphorylation events function.
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